Introduction
Early detection and accurate characterization of small focal liver lesions (FLLs) is crucial for an optimal curative treatment, which allows successful tumor surgery or radiofrequency ablation (RFA) with real-time ultrasound guidance [1] [2] [3] .
Conventional ultrasound examination of liver is typically performed using a low frequency 2 to 5MHz transducer for adult patients [4, 5] . Detection of small FLLs of less than 5 mm always is challenging as these lesions often appear isoechoic on B mode ultrasound (BMUS); the same is true for superficial FLLs close to the liver capsule [6] . Over the last decade, with the wide clinical application of microbubble ultrasound contrast agents, contrastenhanced ultrasound (CEUS) has noticeably improved the identification and characterization of FLLs, especially for FLLs less than 10 mm in size [7] [8] [9] [10] [11] [12] . However, it still proves to be difficult to differentiate malignant and benign FLLs, especially when the lesion is smaller than 10 mm or located superficially [2, 13] .
Compared to the usual low frequency convex transducers (1) (2) (3) (4) (5) , the utilization of high frequency 7 to 9 MHz (or even higher) transducers offers important advantages such as high resolution and near field investigations. These transducers have been primarily used in transabdominal ultrasound examinations to improve the detection of liver surface nodularity [14] [15] [16] or for the detection of small FLLs as deep as 4 to 5 cm [17] .
CEUS with high frequency transducers (HF-CEUS) is also becoming increasingly more available for the differentiation between benign and malignant FLLs [6, 18, 19] . Initial studies using dynamic CEUS with multifrequency matrix probes have indicated a high diagnostic value for the evaluation of tumor microvascularization in animal experiments [19, 20] . Recent publications in intra-operative CEUS with high frequency transducers exhibited high diagnostic potential for the detection and differentiation between benign and malignant FLLs [2, [11] [12] [13] 21] , particularly for liver lesions less than 10 mm. The detection rate was comparable to pre-operative contrast enhanced spiral computer tomography (ceCT) and contrast enhanced magnetic resonance imaging (ceMRI) [3, 17] . However, the value of HF-CEUS in regular transabdominal ultrasound examinations has not yet been evaluated.
The purpose of our current study was to evaluate the benefits of BMUS and CEUS with a high frequency transducer (7.5-15 MHz) in identifying and characterization of small and superficial FLLs.
Material and methods
This prospective study was approved by our institutional review board. All patients gave their full informed consent before the CEUS examination. The procedure followed was in accordance with the Declaration of Helsinki.
Patients From January 2015 to October 2016, 557 patients (138 females, 319 males) aged 21 -87 years with suspected FLLs were enrolled. Among them, 27 patients (8 females, 19 males) with 27 superficial FLLs were included in our current study. All those 27 FLLs were first suspected by MRI.The final diagnoses for 27 patients were based on histopathologic results by surgery (n=18) or ultrasound guided 18-gauge core-needle biopsy (n=8). Final diagnosis of one patient was established by MRI follow-up (Table I) .
Examination technique and image analysis Two experienced radiologists (more than 18 years' experience in CEUS of the liver), who were aware of the patients' clinical histories, performed ultrasound scanning with a Philips iU22 (Philips Bothell, WA, USA; C5-1 convex array transducer and L9-3 high frequency transducer), LOGIQ E9 (GE Healthcare, Milwaukee, WI, USA; C1-5 convex array transducer and L9-3 linear array high frequency transducer), or Aplio 500 (Toshiba Medical, Otawara, Japan, PVT375MV curved array transducer and linear PLT-1204 BT transducer).
B mode ultrasound with low frequency transducer (LF-BMUS) First, conventional transabdominal BMUS was performed with a low frequency convex array transducer (1-5 MHz), including grey scale and color flow imaging (CDFI) analysis. Low frequency B mode ultrasound (LF-BMUS) was used to examine the whole liver and to search for the suspected superficial FLL on MRI images. Optimized instrument settings, such as focal zones, dynamic range, depth and application of harmonic imaging were used to improve visualization.
Compared to the surrounding liver parenchyma, the BMUS imaging findingsincluded: maximum diameter of each lesion, echogenicity (hyperechoic, hypoechoic or isoechoic; homogeneous or heterogeneous), shape (regular or lobulated), and delineation (ill-or well-defined). Color flow imaging methods were used to detect blood flow signals inside lesions. In lesions with pulsed arterial blood flow, resistance index (RI) was measured.
BMUS and CEUS with high frequency transducer (HF-BMUS and HF-CEUS)
After low frequency ultrasound, high frequency B mode ultrasound (HF-BMUS) with a high frequency transducer (7.5-12 MHz) was carried out in areas with suspicious superficial FLLs. The same BMUS imaging criteria as for low frequency transducer was applied. The grey scale and CDFI imaging features were recorded and compared.
Then targeted HF-CEUS was performed injecting a bolus of 2.4 ml SonoVue® (Bracco, Milan, Italy) intravenously followed by 5 ml of normal sterile saline flush via a 22-gauge peripheral intravenous cannula. Low mechanical index (MI) ranging from 0.05 to 0.08 was used for real time CEUS imaging. Immediately after the injection of CEUS agents, 2 examiners evaluated the dynamic enhancement pattern of each lesion in comparison to the surrounding liver parenchyma. The CEUS enhancement of suspected focal liver lesions throughout the arterial, portal venous, and late phases (hypoenhancing, hyperenhancing, isoenhancing) and additional features of enhancement (e.g., rim-like or complete enhancement) were focused and observed according to the EFSUMB guideline [4, 5] . Each examination lasted at least 5 minutes after the bolus injection. Special attention was paid to the presence or absence of early arterial enhancement and to the detection of any portal venous or late phase (PVLP) washout area of contrast agents. In lesions with hypoenhancement during PVLP, a further 2.4 ml bolus of SonoVue® was administered to improve visualization of lesion enhancement during the arterial phase, after an interval time of at least 15 minutes to allow for clearance of the previously injected contrast agents.
Digital cineloops were stored in a PC-based workstation connected to the ultrasound equipment. A 4-point scale was used to grade detection confidence of BMUS with low or high frequency transducer and CEUS with high frequency transducer: 1, distinctive; 2, probably visible; 3, poorly visible; 4, invisible [1] .
Statistical analysis
Statistical analysis was performed with a computer software package (SPSS, version 21.0, IBM corporation, Armonk, USA). The improvement in diagnostic confidence was compared by McNemar analysis. Fisher's exact test was used to compare the 4-point scale grades of LF-BMUS, HF-BMUS and HF-CEUS in 27 FLLs. For all tests a p value <0.05 was considered statistically significant.
Results

Final diagnosis of FLLs
Single FLLs were detected in 16 patients and multiple lesions in 11 patients. For multiple FLLs, only the biggest one was evaluated in this study. The characteristics of the lesions are detailed in Table II .
Detection rate of FLLs
On LF-BMUS (1-5 MHz), most of FLLs (20/27, 74.1%) were isoechoic with ill-defined margins. Using a high frequency transducer, all those FLLs were slightly hyperechoic (n=13) or slightly hypoechoic (n=14) heterogeneous lesions on HF-BMUS. In 7 cases with one suspicious lesion detected by conventional low frequency transducer, all of them could be detected by HF-BMUS. In 20 of the 27 patients (74.1%), no definite lesion was detected with the 3.5 MHz transducer, 15 (55.6%) suspicious lesions were found by HF-BMUS as well. On HF-CEUS, 24 (88.9%) lesions displayed arterial enhancement, while 19 (70.4%) lesions showed hypoenhancement during PVLP (Table III) .
Applying the 4-point scale classification, LF-BMUS classified 7 (25.9%) of the 27 superficial FLLs diagnosed on MR imaging as poorly or probably visible lesions. HF-BMUS detected an additional 15 (55.5%) lesions (p<0.05). After injection of ultrasound contrast agents, the detection rate of FLLs (100%, 27/27) by HF-CEUS was significantly higher than that of conventional BMUS with low frequency transducer (25.9%, 7/27, p<0.05) (Table IV) . 
Special diagnostic BMUS features with high frequency transducer
While using BMUS with high frequency transducer, peripheral hypoechoic halos were detected in 10 small HCC lesions, which were not visible by low frequency transducer.
On color flow imaging, pulsed color Doppler of arterial flow signals were detected in 20 (74.1%) lesions by HF-BMUS, while only in 6 (22.2%) lesions by LF-BMUS.
Contrast enhancement features of 27 FLLs with high frequency transducer
On HF-CEUS, 16 (59.2%) FLLs displayed rapid wash-in and rapid wash-out on CEUS, while 8 (29.6%) lesions showed rapid or peripheral nodular wash-in and no wash-out, 3 (11.1%) lesions showed isoenhancement and rapid wash-out.
After repeated injection of SonoVue®, the contrast enhancement in the detected FLLs were evaluated during the arterial phase (10-30 seconds), portal venous (30-120 seconds) and late phases (120-300 seconds). On CEUS, homogeneous and complete hyperenhancement pattern during the arterial phase is highly suspicious for HCC in liver cirrhosis (11/27, 40.7%) (fig 1) . Arterial rim-like hyper-enhancement and early wash out during PVLP is characteristic for metastatic malignancies (3/27, 11.1%). Arterial hyperenhancement and isoenhancement during PVLP is more common in recurrent HCCs (3/27, 11.1%) (fig 2) . One haemangioma showed peripheral nodular and centripetal hyperenhancement during the arterial phase and isoenhancement during PVLP (fig 3) (Table V) . After injection of contrast agents, the lesion was homogenously hyperenhancing during the arterial phase (e) and hypoenhancing during the portal venous and late phase (f). Finally, surgery confirmed a HCC.
Fig 2.
In a patient with known liver cirrhosis and previous resection of a HCC, a small lesion (11 mm) detected by MRI was invisible on B mode ultrasound (BMUS) with a low frequency transducer (a), BMUS with high frequency transducer demonstrated a slightly hyperechoic lesion (b) with pulsed arterial color flow signals (c) and high resistance index (d). On contrast enhancement with high frequency transducer, the lesion was homogenously hyperenhancing during the arterial phase (e) and isoenhancing during the portal venous and late phase (f). Finally, histology confirmed a recurrent HCC.
The overall sensitivity, specificity and diagnostic accuracy for the correct characterization of malignant and benign small superficial FLLs were significantly improved by HF-CEUS compared to LF-BMUS (sensitivity: 88.9 vs 25.9%, p<0.05; specificity: 92.6 vs 18.5%, p<0.05; accuracy: 96.2 vs18.5%, p<0.01, McNemar's test).
Discussions
Early detection and characterization of small FLLs may increase the chances of curative surgical resection or successful percutaneous ablation options of malignant tumours in early stages [8, 9, 11, 14, 22, 23] . Conventional BMUS with low frequency convex transducer (1) (2) (3) (4) (5) is the first line imaging method for detecting and diagnosis of FLLs [4, 5] . Assessing the liver surface nodularity using low frequency BMUS has specificity up to 95% [24] and a sensitivity of up to 91.1% indicative for cirrhosis [25] . However, due to its limited resolution and various interfering factors or artefacts (such as liver cirrhosis background, intestinal gas interference, etc.) grey scale ultrasound or color flow Doppler techniques do not have the sensitivity to identify many of the vascular differences in FLLs. This technique fails to reliably differentiate between malignant and benign lesions [13, [25] [26] [27] [28] [29] [30] . Some FLLs are particularly difficult to diagnose even by biopsy because of their small size (<10 mm) or superficial location (close to liver capsule) [12, 15, 26] .
Recently, there has been a growing interest in the supplemental use of high-frequency transducers to better evaluate and delineate small FLLs near the surface in cirrhotic livers; these lesions are invisible using lowfrequency transducers [15, 24, 25, 31] . Several studies have attempted to evaluate the use of high frequency transducers (5-12 MHz) in the description of the liver surface and its implication for the presence of diffuse liver disease. Most of them focused on patients with liver cirrhosis [15, 16, 25, 32] or small hepatic metastasis from a known extrahepatic primary malignancy [14] . Jung et al described 9 cases in which small liver lesions (4-15 mm) were detected during intraoperative ultrasound with high-frequency transducers. Some of these liver lesions had not been detected on computed tomography (CT) or MRI [19] . In another study, 38 patients with cirrhotic liver underwent an ultrasound examination using 3/3.5-5 and 7.5 MHz transducers to identify intraparenchymal regenerative nodules less than or equal to 20 mm. Focal lesions were described in five patients. In only one case multiple lesions were revealed with the 7.5 MHz probe, but not with any of the lower frequency transducers [32] .
In our current study, all 27 FLLs cases diagnosed on MRI were in the superficial area of liver (mean lesion depth 6.2±5.3 mm) and had a relatively small lesion size ranging from 5 to 17 mm. LF-BMUS identified only 7 (25.9%) lesions, classified as poorly or probably visible In a patient with previous history of a resected cystic renal cell carcinoma, a small and superficial lesion was suspected by B mode ultrasound (BMUS) with low frequency transducer (a). After the injection of contrast agents, the lesion showed peripheral nodular and centripetal enhancement during the arterial phase (b) and the portal venous and late phase(c). Finally, it was proved to be a hemangioma by the MRI follow-up. isoechoic lesions. Due to its high superficial temporal and spatial resolution, BMUS with high-frequency (7.5-12 MHz) transducer showed advantages in detection and localization of those superficial small FLLs. As shown in our results, HF-BMUS detected an additional 15 (55.5%) lesions compared to LF-BMUS. Also, with HF-BMUS, we observed a clearer visualization of FLLs echogenicity, more distinct margins and more accurate measurement of lesions' size. Peripheral hypoechoic halos were detected in 10 small superficial HCC lesions, which were not visible using low frequency transducer. This sign might be very helpful for the diagnosis of liver malignancies [11, 13] . From the acoustic theory, BMUS with high frequency transducers is more sensitive in displaying nearfield blood flow signals than low frequency transducer [16, 19, 32] . In our results, more pulsed arterial color flow signals were detected inside the superficial liver lesions by HF-BMUS than by LF-BMUS (74.1% vs 22.2%). Investigation of intratumoral vessels can be helpful for further characterization of focal liver lesions, e.g. small HCC show detectable pulsed arterial flow signals caused by arteriovenous shunts [11, 21] . This renders color Doppler flow imaging with a high frequency transducer a helpful technique to further characterize or differentiate superficial small FLLs.
In the last decade, CEUS has emerged as an important diagnostic tool and the physician's first diagnostic choice in many clinical situations [13, 21, 33] . According to the EFSUMB guideline, CEUS allows the characterization of most of FLLs by analysing the enhancement pattern during the arterial, portal venous and late phases [2, 4, 5, 13] . Previous studies have shown that transabdominal CEUS with low frequency convex transducer is significantly better than unenhanced BMUS for the detection [1, 3] and classification [7, 10, 33] of FLLs. For unclear small FLLs which could not be characterized with confidence by using transabdominal BMUS or Doppler ultrasound techniques, real-time CEUS has demonstrated the ability to characterize them reliably [1, 12, 21] .
High resolution linear probes suitable for abdominal CEUS have been developed lately. A recent preclinical mouse model experiment showed that CEUS using high frequency transducers could accurately depict the contrast perfusion characteristics of blood vessels in liver lesions and characterize the fine blood perfusion of tumors before metastatic nodules can be detected using conventional ultrasound techniques [34] . Using HF-CEUS, solid liver lesions between 2 and 11 mm (mean 3.5 mm) size were detectable in a humanized tumor mouse model [34] . In addition, HF-CEUS is able to visualize capillary microcirculation of benign and malignant liver lesions smaller than 10 mm [6] .
Our results indicate that transabdominal CEUS with high frequency transducers (7.5-12 MHz) could be used to detect small FLLs with a medium size of 10 mm. Furthermore, the high spatial resolution allows real-time identification and evaluation of those small and superficial FLLs, which cannot be performed with conventional imaging [35] . After repeated injection of SonoVue®, the dynamic recording of contrast enhancements of FLLs during the arterial phase, the portal venous phase and late phase was achieved and evaluated with the 7.5-12 MHz probe on the superficial areas of liver. Using HF-CEUS, various benign and malignant FLLs showed the similar enhancement pattern known from LF-CEUS according to the current guidelines [4, 5] . The sensitivity, specificity and overall diagnostic accuracy for the correct classification of malignant and benign FLLs were significantly higher using HF-CEUS compared to LF-BMUS. HF-CEUS is advantageous in establishing early detection and diagnosis of small and superficial FLLs, and helps to decide treatment strategies in these early stages [36, 37] . In addition, for those patients who will undergo percutaneous ablation treatments, HF-CEUS might also be a valuable non-invasive diagnostic clinical option for monitoring treatment responses [35, [38] [39] [40] .
Limitation of the study In our study, both BMUS and CEUS with high-frequency transducers were superior in detecting and characterizing superficial and small FLLs compared to low frequency ultrasound methods. On the other hand, high frequency transducers have their limitations in evaluating deeper structures due to their limited penetration depth. Although offering a useful adjunct, transabdominal ultrasound examinations with high frequency transducers cannot substitute scanning with a low frequency transducers. We also refer to the use of contrast enhanced endoscopic ultrasound in the detection of superficially located liver tumours [38, [41] [42] [43] .
Conclusion
In conclusion, transabdominal BMUS and CEUS with adjunctive use of high-frequency transducers is a valid and convenient method which could provide added diagnostic values in establishing early detection and accurate diagnosis of small and superficial FLLs that are invisible or appear indistinctive on LF-BMUS.
